Abstract Regional variation in sweating over the body is widely recognised. However, most studies only measured a limited number of regions, with the use of differing thermal states across studies making a good meta-analysis to obtain a whole body map problematic. A study was therefore conducted to investigate regional sweat rates (RSR) and distributions over the whole body in male athletes. A modified absorbent technique was used to collect sweat at two exercise intensities [55% (I1) and 75% (I2) _ VO 2max ] in moderately warm conditions (25°C, 50% rh, 2 m s -1 air velocity). At I1 and I2, highest sweat rates were observed on the central (upper and mid) and lower back, with values as high as 1,197, 1,148, and 856 g m -2 h -1 , respectively, at I2. Lowest values were observed on the fingers, thumbs, and palms, with values of 144, 254, and 119 g m -2 h -1 , respectively at I2. Sweat mapping of the head demonstrated high sweat rates on the forehead (1,710 g m -2 h -1 at I2) compared with low values on the chin (302 g m -2 h -1 at I2) and cheeks (279 g m -2 h -1 at I2). Sweat rate increased significantly in all regions from the low to high exercise intensity, with exception of the feet and ankles. No significant correlation was present between RSR and regional skin temperature (T sk ), nor did RSR correspond to known patterns of regional sweat gland density. The present study has provided detailed regional sweat data over the whole body and has demonstrated large intra-and inter-segmental variation and the presence of consistent patterns of regional high versus low sweat rate areas in Caucasians male athletes. This data may have important applications for clothing design, thermophysiological modelling and thermal manikin design.
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Introduction
Under conditions of high ambient temperature and exercise, evaporation of sweat is typically the greatest avenue of heat loss from the body, and therefore important in maintaining body core temperature. Even in low temperatures, when protective clothing is worn, the body depends upon this mechanism to prevent overheating (Havenith et al. 2008b ). This explains the interest of many research studies on sweat production and its regulation (Cotter et al. 1995; Havenith et al. 2008a; Machado-Moreira et al. 2008a, b, c; Nadel 1979; Nadel et al. 1971b, c; Taylor et al. 2006) . Sweat production in different situations forms the basis for the available cooling power, which is modulated by aerobic fitness, acclimation state, environmental conditions, clothing, and evaporative efficiency (Candas et al. 1979; Havenith et al. 2008b; Shapiro et al. 1982) .
Considerable literature is available on global or 'whole body' sweating but there have been limited studies on regional sweat rates (RSR). Renewed interest in RSR data has recently originated from both academic and commercial communities (Fiala et al. 1999 (Fiala et al. , 2001 Havenith et al. 2008a; Machado-Moreira et al. 2008a, b, c; Smith et al. Communicated by Narihiko Kondo.
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2007; Taylor et al. 2006) . Sweat production in different body regions is relevant for the analysis of the body's heat exchange since clothing cover varies over different body parts, in addition to regional heat transfer coefficient differences resulting from air and body movement. In thermophysiological modelling, RSRs are therefore a relevant factor (Fiala et al. 1999; Havenith 2001b) . Furthermore, the expansion of sweating thermal manikin use demands the availability of realistic RSR data (Havenith et al. 2008b) , in addition to the potential benefits in the functional design of protective clothing and sportswear from knowledge on body sweat mapping.
Those that have investigated regional sweating observed considerable variation between the sites tested (Cotter et al. 1995; Fogarty et al. 2007; Havenith et al. 2008a; Hertzman 1957; Kuno 1956; Machado-Moreira et al. 2008a, b, c; Ogata 1935; Smith et al. 2007; Taylor et al. 2006; Weiner 1945) . These studies consistently found sweat rates of the sampled sites to be greatest on the torso. In particular, the lumbar region of the posterior torso showed one of the greatest sweat rates over the body, in addition to the forehead. Lowest sweat rates were observed on the extremities, particularly on the palmar and plantar surfaces of the hands and feet, respectively. However, to our knowledge, no study is available that provides quantitative data on RSRs for the majority of the body surface area. Bringing together data from different studies in a meta-analysis for the formation of a whole body sweat map has not been possible. The main problem with comparing much of the work conducted on RSR is that the observed values relate to the thermal state of the body and so results may not be directly comparable between studies when differing ambient temperatures, exercise modes, exercise intensities, clothing or heating techniques are used. Furthermore, due to sweat capsules being the predominant method for sweat measurement (Cotter et al. 1995; Hertzman 1957; Kuno 1956; MachadoMoreira et al. 2008a, b, c; Nadel et al. 1971b; Ogata 1935; Smith et al. 2007; Taylor et al. 2006; Weiner 1945c ) most studies only measure a small number of sites using a limited surface area (3-12 cm 2 ), typically covering \2% of the body region, and generalise this data to larger regions. A technique allowing the simultaneous measurement of a large number of sites across the body is therefore required to quantitatively assess the regional relationships.
The aim of this study was therefore to produce a detailed regional sweat map for male Caucasian athletes, covering the majority of the surface area of the body, which may be used in thermo-physiological modelling, in the advancement of thermal manikin design, and commercially in the design of clothing. It was hypothesised that significant intra-and inter-segmental differences would be present over the body and that regional sweat rate differences visible at low work rates would be reduced when work rate was increased. Further, based on the classic work by Nadel et al. (1971a, b) it was hypothesised that local sweat rates would be strongly related to local skin temperature (T sk ).
Methods

Participants
Nine male, unacclimated (for climate exposure, but probably part acclimated based on physical training) elite to sub-elite runners participated in whole body (WB) sweat mapping experimentation. A further experiment mapping sweat rates of the head, face, and neck (HFN) was performed using nine male participants, four of whom were from the initial WB sweat mapping group. All experimental procedures were approved by the Loughborough University Ethical Committee and were fully explained to the participants before obtaining informed written consent and completing a healthscreen questionnaire.
Pre-test session
Participants were required to attend the Thermal Environments Laboratory for a pre-test session involving anthropometric measurements of height, mass, and body dimensions used for the calculation of body surface area (Du Bois and Du Bois 1916) and absorbent pad sizes. Skinfolds were taken using a 7-point calliper method (Jackson and Pollock 1978) specific to male athletes for calculation of body fat percentage. Aerobic fitness level, expressed as maximal oxygen uptake ð _ VO 2 max Þ, was calculated from a sub-maximal fitness test based on the Å strand-Ryhming method (American College of Sports Medicine 2006). The test was conducted at an ambient temperature of 18°C to prevent thermal stress and comprised of four exercise intensities running on a treadmill (h/p/cosmos mercury 4.0 h/p/cosmos sports & medical gmbh, Nussdorf-Traunstein, Germany) each lasting 5 min. Estimation of _ VO 2 max was based upon the linear relationship between heart rate and work rate [based upon treadmill speed and angle (Epstein et al. 1987) ].
Sweat pad preparation and application
RSRs were determined by applying absorbent material directly to the skin for a short, predefined, period of time. Two sets of absorbent pads were produced for each participant based on the pre-test anthropometric data [details of pad sizing and placement are available as electronic supplementary material (ESM) online from the EJAP website; ESM 1]. These were weighed (Sartorius YACOILA, Sartorius AG, Göttingen, Germany. Precision 0.01 g) inside individually labelled airtight bags, in which they were stored until testing. A total of 70 WB and 15 HFN pads were used to produce a sweat map for each exercise intensity (for details see ESM 2). Pads were attached to custom-made plastic sheeting for fast application to the body and to prevent the evaporation of sweat during the test periods. The pads were kept in place against the skin using a stretch long-sleeve t-shirt and trousers. On the feet, pads were secured in place on the ankles and dorsal surface of the foot inside 100% cotton socks which were also used to collect sweat from the top of the foot. Plastic stretch socks were worn to prevent evaporation of sweat from the cotton socks during the measurement period. Similarly, 100% cotton gloves were worn to collect sweat on the hands, with small incisions made at the base of each finger to prevent the migration of sweat between regions, while maintaining their structural integrity during the test. Latex gloves were worn over the cotton gloves during the measurement period to secure the gloves in place against the skin and prevent sweat evaporation. HFN pads were produced in the same manner as the WB pads; however, application to the face and neck required the pads to be lightly taped in place. Head pads were taped together in a lattice formation before being placed on the skin. Four participants shaved their heads to allow the application of these pads. All HFN pads were then secured in place using a single length of Bandafix Ó pulled over the head.
Experimental protocol
A series of experimental sessions were conducted in a climate-controlled room at 25.6 ± 0.4°C, 43.4 ± 7.6% relative humidity, and a 2 m s -1 frontal air velocity, to progressively sweat map the body. To minimise the effect of the pads on the overall thermal state of the body, the WB sweat mapping was separated into three experimental sessions, each measuring about one-third of the zones while allowing enough exposed skin for thermoregulation: (1) torso/upper body (UB), (2) legs, and (3) arms, hands, buttocks, and feet (AHBF). The testing sequence of body regions was balanced to prevent any order effect and each participant performed their experiments at the same time of day to minimise circadian variation. On arrival to the laboratory participants were provided with shorts and t-shirt and then weighed. Infra red images (Thermacam B2, FLIR Systems Ltd., West Malling, Kent, UK) of the nude, dried, skin were taken prior to testing, before and after each pad application, and immediately after testing to monitor T sk . Resting heart rate (HR) was recorded before participants warmed up, with HR monitored throughout the experiment at 15-s intervals. Core temperature (T core ) was measured using a VitalSense Integrated Physiological Monitoring System (Mini Mitter Company, Inc. Bend, OR, USA). Participants swallowed a CorTemp TM ingestible temperature pill 5 h before testing. Throughout the experiment the VitalSense monitor wirelessly tracked and recorded T core four times per minute. Participants ran for a total of 60 min involving two exercise intensities of 30 min each on the treadmill with an incline of 1%. The target HR was 125-135 and 150-160 beats per minute (bpm) for intensity 1 (I1) and intensity 2 (I2), respectively, in order to control workload at the targets of 55 and 75% of _ VO 2 max . Sweat samples were taken for the last 5 min of each exercise intensity at 30 and 60 min. Participants removed their clothing and towelled their skin dry immediately prior to pad application to ensure only sweat produced during the sample period was collected. All of the pads had an impermeable backing to prevent evaporation. Immediately following the sample period the pads were quickly returned to their airtight bags and sealed. The participants could drink water freely during the experiment, which was recorded, in order to prevent dehydration. Following the 60-min run a final weight of the participant was recorded. On completion of the experimentation all pads were reweighed inside their sealed bags. Unlike the absorbent pads, the cotton glove and sock segments could not be individually weighed before testing as they were not yet separated from each other. Immediately following sweat collection, specific sections of the gloves and socks were dissected and placed in individually labelled airtight bags. The post test weight of each sample was recorded before being dried out in a thermal chamber at 30°C, 50% rh for 24 h, then re-weighed to obtain the 'dry' (pre test) weight. The surface area of each pad was calculated from the dry weight of each pad and the weight per unit of surface area of the material. Sweat rate was calculated in grams per meter square of body surface area per hour (g m -2 h -1 ) using the weight change of the pad, the pad surface area, and the length of time the pad was applied to the skin.
Analysis
As data from the different experimental sessions were to be combined in a whole body sweat map, and as sweat rates may differ slightly between sessions for an individual, it was decided to correct individual session data in line with the session's gross sweat loss (GSL) value. Data for each individual were standardised towards the mean GSL over all three WB sessions for that individual. A similar correction was applied to the head data, using the subjects who completed both the WB and HFN test as a reference. This resulted in a correction for the head session GSL towards the mean of the other three sessions and in a correction for the difference between the two groups. All corrections work on the assumption that within each work load there is a relation between regional and GSL for an individual. Finally, as the present data provide whole body sweat rate by GSL and also allow (area weighted) summing up of all local sweat rates to produce a total body sweat rate ( P RSR), it was possible to compare the two values. A correction of RSR values based on the difference between GSL and P RSR data is therefore possible. This correction was, however, not applied to the present data since it only affects absolute RSR values (by a fixed factor), but does not change the sweat distribution pattern data.
GSL was calculated based on the weight change of each participant across each test period and adjusted for fluid intake. Corrections were made for respiratory and metabolic mass losses. Evaporative loss from respiration (E res , Watts) was calculated using Eq. 1, based upon work described by Livingstone et al. (1994) :
and converted into mass loss (g):
where E res is the evaporative loss from respiration (W); M is the metabolic rate (W); T a is the air temperature (°C); t is the time: duration of intensity or experiment (s); 2,430 is the latent heat of evaporation of 1 g of water (J g -1 ). Metabolic mass loss (g) was calculated from an equation taken from Bakkevig and Nielsen (1995) , based upon Kerslake (1972, pp. 121) :
where _ VO 2 is the rate of oxygen consumption (L min -1 ); RQ respiratory quotient (ND); t is the time (s).
The respiratory quotient (RQ) was taken as 0.85 for intensity 1 and 1.00 for intensity 2 (Parsons 2003, pp. 135) .
Sweating sensitivity for each segment (i) was calculated as Gain 1;i ¼ Sweat rate increase intensity 1 Core temperature increase intensity 1 ð4Þ
Gain 2;i ¼ Sweat rate intensity 2 À sweat rate intensity 1 Core temperature increase intensity 2 ð5Þ
Finally, overall sweat sensitivity was calculated for comparison with literature (Taylor et al. 2006; MachadoMoreira et al. 2008a, b, c) 
as:
Overall gain i ¼ Sweat rate increase over experiment Core temperature increase over experiment ð6Þ
Paired samples t tests were performed both with and without Bonferroni correction to analyse right-left differences in sweat rate and changes with exercise intensity. A one-way repeated measures ANOVA was performed to analyse regional differences within each intensity, presented both with and without Bonferroni correction for post hoc comparisons. The reasons for showing both to the reader are first the exploratory nature of the study and second the large number of zones studied compared with any earlier study (Bender and Lange 1999; Perneger 1998 ). This makes the Bonferroni correction very stringent and zones that would show significance in a smaller study will struggle to reach significance here. Pearson's correlation coefficient was calculated to assess correlations between RSRs and regional T sk , and RSRs and GSL. Finally, it was decided that it would be more relevant to graphically show results for the 'average sweater' (the median) rather than the 'average amount of sweat produced' (the mean), as the latter can be affected more easily by outliers, i.e. extreme sweaters. In tables, both values are presented to provide insight into the data distribution.
Results
The physical characteristics (mean ± SD) of participants involved in WB sweat mapping and HFN sweat mapping are provided in Table 1 . No significant differences in physical characteristics were present between WB and HFN groups with exception to _ VO 2 max being significantly lower in the HFN participants (p \ 0.05).
Core temperature, work rate, and heart rate Baseline (BL) data were taken as the temperature recorded immediately before commencing I1. I1 and I2 results were analysed as the mean T core over the final 5 min of each intensity. As expected, T core increased significantly during both exercise intensities. For WB, T core rose from 36.93 ± 0.39 at BL to 37.68 ± 0.43 (p \ 0.001) at the end of I1 and to 38.06 ± 0.42 (p \ 0.001) at the end of I2. For HFN, T core increased significantly from 37.23 ± 0.32 at BL to 37.79 ± 0.15 at I1 (p \ 0.01) and 38.17 ± 0.07 at the end of I2 (p \ 0.05). No significant differences were present between WB and HFN groups for T core , or work rate ð _ VO 2 Þ at any time point. HR was significantly higher at BL in the HFN group (p \ 0.05), with values of 75 ± 19 and 59 ± 9 bpm, respectively, but was not different thereafter.
Gross sweat loss
Considerable variation in GSL was observed both within individuals (between sessions) and between individuals. The overall mean GSL of all sweat mapping experiments (WB and HF) was 458 ± 115 g m -2 h GSL correlated positively with _ VO 2 max (WB r = 0.88, p \ 0.001; HFN r = 0.77, p \ 0.05). For the individual work intensities (Fig. 1) , GSL (g h -1 ) correlated positively with metabolic rate (W) for both WB and HFN (I1: WB r = 0.86, p \ 0.01, HFN r = 0.70, p \ 0.05; I2: WB r = 0.72, p \ 0.05, HFN r = 0.76, p \ 0.05). No significant difference was present between the gradients of the regression lines for I1 and I2 within each group, or between groups for each intensity. The intercept (constant) was not significantly different between exercise intensities in either group.
Regional sweat rates
The comparison of GSL and the area weighted sum of all determined local sweat rates ( P RSR) revealed that GSL was 22% higher than P RSR. No correction factor was applied to the RSR data due to having no affect upon distribution. However, a correction factor of 1.22 may be applied to the absolute RSR values to adjust for the difference between P RSR and GSL. It was decided to group WB RSR data for right and left corresponding zones for all analyses since any significant WB 9 23 ± 3 178.5 ± 4.1 73.8 ± 5.0 1.92 ± 0.1 10.9 ± 4.9 70.2 ± 13* 1,124 ± 237 473 ± 103
134 ± 3 157 ± 3 10.3 ± 2.1 13.5 ± 2.2 HFN 9 24 ± 4 181.6 ± 4.3 73.60 ± 5.7 1.94 ± 0.1 11.8 ± 4.7 57.9 ± 11 829 ± 203 365 ± 86 134 ± 4 160 ± 4 8.6 ± 2.0 11.5 ± 2.1 * Denotes significant between whole body and head, face and neck sweat mapping at p ) and absolute mean metabolic rate (W) for combined WB and HFN participants at exercise intensity 1 (I1) and intensity 2 (I2) Eur J Appl Physiol (2011) Figs. 2 and 3 , respectively. WB and HFN data are presented together in the figures after correcting the HFN values based on results for the subjects who performed both experiments. The pads indicated in grey, located below the anterior and posterior neck and at the axilla, were designed to absorb any excess sweat which may have dripped from these areas and avoid it being absorbed by neighbouring pads. These extra pads were discarded following testing and were not used in sweat mapping calculations.
Due to the exploratory nature of the sweat mapping study it was decided to perform a comparison of all regions within each exercise intensity. The design was treated as Fig. 2 Absolute regional median sweat rates of male athletes at exercise intensity 1. Note head data were obtained from a partially different subject group. Data were corrected for inter-group differences (refer to text) repeated measures since each measurement was performed on the same individual. Each region is not strictly repeated measures since different areas (variables) are measured, yet nor are they independent from each other when measuring multiple regions on the same individual. It was decided to use a repeated measures ANOVA to allow regional comparison, with adjustment for multiple comparisons. Data were analysed both with and without Bonferroni correction due to the exploratory nature of the study and the conservative nature of the Bonferroni correction. For comparisons of all WB regions please refer to electronic supplementary material 3 available online from the journal (ESM-3).
For presentation in Figs. 4 and 5, RSRs were normalised for the area weighed sweat rate of all zones for each individual and then a median of all individuals was taken. Normalised sweat rate allowed standardisation of data over participants and allowed easy identification of 'higher' and 'lower than average' sweat regions over both intensities, despite different absolute sweat rates. Areas with sweat rate ratios significantly different from average (= 1) are indicated in Table 2 by a grey background in the ratio columns.
The low sweat rates of the extremities compared with the torso are clearly present with little change in distribution from I1 to I2. A medial to lateral decrease across the torso is equally clear, while the reverse occurs on the head. A comparison of sweat rates within each region from I1 to I2 was performed using a series of paired t tests and corrected for multiple comparisons (Table 2) . Data are presented both with and without Bonferroni correction in addition to descriptive statistics for all regions tested. 81% of the zones showed a significant increase in absolute sweat rates from I1 to I2 and even with the stringent Bonferroni correction applied, close to a third of the zones still achieved significance. Fig. 3 Absolute regional median sweat rates of male athletes at exercise intensity 2. Note head data were obtained from a partially different subject group. Data were corrected for inter-group differences (refer to
The large variation between participants is clearly evident from the minimum and maximum values within each region. For most zones, median and mean values are very close. Where they are not, usually the mean is highest, typically caused by a single 'high sweater' in the group. The normalised data indicate little change in regional distribution between intensities, with exception of a significant decrease in the relative sweat ratio over the feet. When corrected for multiple comparisons no significant differences were present in the normalised data between I1 and I2. Sweat sensitivity data are also presented in Table 2 . For intensity 1, these may be underestimations of the actual values since sweat onset is typically 0.2-0.3°C above baseline T core and does not occur simultaneously over the body. In many participants sweating was nevertheless observed almost immediately with exercise, probably due to a warm up in the preparation period in the warm chamber. For intensity 2 this problem is not present. As sweat sensitivity for individuals showed some outliers to extreme values, it was decided to use median values, i.e. sensitivity for the median sweater.
Skin temperature
Regional T sk data were right-left grouped for analysis due to only six significant right-left differences out of the 44 regions measured for WB sweat mapping. These differences were not consistently higher over one side of the body or across time points and were not significant following Bonferroni correction. Only the feet and ankles showed a significant increase in T sk from BL to pre I1 pad application, reflecting their low BL temperatures (uncorrected: heels p \ 0.01, soles p \ 0.001, dorsal foot p \ 0.001, ankles p \ 0.05). The heels showed the lowest BL T sk of 25.8°C compared with 32.5°C on the anterior upper arm. Of particular interest was the change in T sk between pre-and post-pad application at both exercise intensities, as this reflects the impact of the procedure on Fig. 4 Normalised regional median sweat rates of male athletes at exercise intensity 1. Note head data were obtained from a partially different subject group. Data were corrected for inter-group differences (refer to text) T sk . The mean increase in T sk over all regions during pad application was 0.9°C during I1 and 0.8°C during I2.
During HFN testing T sk increased significantly from pre pad application in I1 to post pad removal in I1 at all tested regions, whilst local T sk increased significantly at only four regions from pre I2 to post I2 pad application. After Bonferroni correction this decreased to two regions following I1 pad application and only one after I2. Notably, the face and neck appeared to be affected more by pad application compared with the head, with regions on the face and neck increasing significantly following I1 and I2 pad application. T sk showed no significant change on the posterior head following I1 pad application and no increase at any region at I2. The mean increase in T sk of all regions was 1.7°C during I1 and I2 pad application for HFN.
A Pearson's r correlation analysis was performed between RSR and respective regional T sk for each individual. Within-participant analysis was performed due to between-participant factors potentially confounding regional T sk and sweat rate. In particular, participants worked at differing absolute work rates producing varied absolute sweat rates. Since significant differences were present in T sk between pre and post pad application, sweat rate was compared with both T sk measurements separately. For the WB data no significant correlation was observed at I1 or I2. In the HFN data a small number of strong correlations were observed, with a mixture of positive and negative r values (m14, post I1 r = -0.91, p = 0.09; m15, pre I1 r = -0.77, p \ 0.05, post I1 r = -0.73, p \ 0.05; m9, post I2 r = -0.77, p = 0.232; m13, post I2 r = 0.86, p = 0.139). No participant demonstrated a significant and consistent correlation between regional T sk and RSR across measurement periods.
Discussion
The present study aimed to produce a whole body map of sweat distribution in Caucasian male athletes at two exercise intensities in warm conditions. The results have clearly demonstrated significant regional variation in sweat rates both within and between body segments and that the variation in absolute sweat rate is considerable between individuals. Despite large individual variation in the quantity of sweat produced, a number of patterns in RSR were observed in the majority of participants: (1) sweat rate increased significantly with exercise intensity in all regions except the feet and ankles, (2) the posterior torso consistently showed the highest sweat rates over the whole body at both I1 and I2, with exception only to the forehead, (3) lowest sweat rates were observed on the hands, feet, cheeks, and chin at I1 and the hands and feet at I2, (4) sweat rates tended to be higher on the dorsal compared with the plantar surface of the feet at both I1 and I2, and similarly higher on the dorsal compared with palmar surface of the hands, (5) a medial to lateral decrease in sweat rate was present across the torso, (6) an increase in sweat rate from proximal to distal regions on the arms, and (7) a medial to lateral increase on the head, although not statistically significant. After normalisation of the individual data, a pattern of high-and low sweat distribution was observed, with significant differences in sweat output ratio between regions. Most regions were quite consistently (p \ 0.05) either lower OR higher than average (= 1), as indicated by the grey background for the normalised ratio data in Table 2 . Comparing the normalised sweat map patterns between the two work intensities did not show the hypothesised equalisation of sweat rates at higher work rates. The overall pattern remained the same, and only a few areas showed significantly different sweat rate ratios. A levelling off of sweat rate was observed in the feet and ankles, suggesting maximal values may be reached at low levels of thermal stimulation. This may not be surprising n Number of participants Grey shading in columns for normalised ratio data indicates significant deviation from 1, i.e. average sweat rate. A decrease in median sweat rate ratio between intensities is indicated by grey shading in the intensity comparison column
Sudomotor sensitivity for all regions tested, calculated as changes in regional sweat rate divided by change in T core (DT core ), for both intensities and overall (Taylor et al. 2006) For conversion of absolute sweat rates (in g m -2 h -1
) to other units: divide by 600 to get mg cm -2 min -1 , or by 10,000 to get ml cm
Level of significance with no correction for multiple comparisons: * p \ 0.05, ** p \ 0.01, *** p \ 0.001
Level of significance following Bonferroni correction:
since the feet are not a region of high thermally induced sweat output (Taylor et al. 2006) and are under sympathetic adrenergic vasoconstrictor control. In contrast, nonglabrous skin exhibits significantly greater sweat rates than glabrous skin and is innervated via dual vasoconstrictor and cholinergic vasodilator nerves. The lower skin blood flow in conjunction with the lower thermal sweating present in glabrous skin supports the hypothesised relationship between sweat rate and blood flow (Fox and Edholm 1963; Love and Shanks 1962; Rowell 1977) . The large difference in absolute RSR between participants reflects the observed variation in GSL. Since all participants were working at a similar percentage of _ VO 2max for each exercise intensity, resulting in similar T core , the correlation between GSL and predicted _ VO 2max reflects the difference in absolute work rate between participants (Havenith 1985 (Havenith , 1997 (Havenith , 2001a Kenny and Jay 2007; Nielsen 1969 ). This was demonstrated by the strong, significant correlation between GSL and metabolic rate in both groups (Fig. 1) . No significant difference in the gradient of the regression lines was present between intensities in the WB or HFN groups, indicating no change in the relation between sweat rate and work rate (metabolic rate) between exercise intensities. In Fig. 1 , absolute sweat rate and metabolic rate (g h -1 vs. watt) are presented rather than the surface area corrected values (g m -2 h -1 vs. w m -2 ). The latter, though more commonly used, also show a significant correlation, though less strong. It was felt that the absolute amount of heat generated (W) and the absolute cooling power (g h -1 ) represented the data best. The present RSR data support the well-documented variation in eccrine sweating (Cotter et al. 1995; Hertzman 1957; Kuno 1956) , with the highest values on the posterior torso, in particular on the central upper, central mid, and lower back. The anterior torso and shoulders followed as areas of next highest sweat production, yet values were over half that of the central posterior torso. The lowest sweat rates were observed on the extremities, particularly the feet, palms, and fingers. The regional variation observed in the present study is largely supported by the classic, mainly qualitative work of Kuno (1956, pp. 193-195) and more recently by studies looking in detail at large regions and intra-regional variation; Taylor et al. (2006 feet), Fogarty et al. (2007 , Smith et al. (2007 hands and arms) , Havenith et al. (2008a torso), and Machado-Moreira et al. 2008a hands, b torso, c head) . In agreement with the current findings, they identified areas of high sweat production to be the forehead, neck, large areas of the anterior and posterior trunk, and the lumbar region. Areas of low sweat production were observed to be the sides of the chest, all extremities, and the internal femoral region. In contrast to the present data, Weiner (1945) found lower sweat rates on the posterior compared to anterior torso; however, the small sample size (n = 3) may have been inadequate given the high variation in sweating between individuals. A medial to lateral decrease in sweat rate was observed across the torso in the present study and was similarly noted by Machado-Moreira et al. (2008b) and Havenith et al. (2008b) , but not by Cotter et al. (1995) . Hertzman (1957) and Weiner (1945) similarly found lower sweat rates along the axillary line, supporting the present data. Kuno's (1956) suggestion in his qualitative data based on passive heating, that Japanese males may be classified into four sweat categories based upon body regions exhibiting the greatest sweat rates, were not confirmed for Caucasian males in the present test involving exerciseinduced heating. The sweat mapping data indicated the majority of the participants to display similar high and low sweat areas (grey shading for ratio data in Table 2 ). Notably, the distribution of the data for the different zones was 'normal' as illustrated by the closeness of means and medians in the RSR data in Table 2 . It was observed that where the distribution was skewed, this was typically due to an 'extreme sweater'.
HFN data showed the highest sweat rate at both exercise intensities to be on the forehead and the lowest to be the cheeks and chin, though the latter two showed a wide range of sweat ratios over participants. The forehead had the highest sweat rate and the highest sudomotor sensitivity of the whole body. Machado-Moreira et al. (2008c) observed a significant increase from medial to lateral regions on the head. Although not significant, the lateral head did show higher sweat rates than the medial regions in the present data. As not all subjects were willing to shave their heads (n = 4), the lower n here has reduced statistical power.
Some consideration is needed when discussing the head data in relation to the rest of the body, as only four participants completed both the WB and the HFN testing. In order to include the information of the other five participants in the HFN testing their data were corrected based on the GSL differences between the two test groups. This correction and the correction of the WB data between the different region sessions are based on the assumption of a strong relation between RSR and whole body sweat rate (over the rather narrow range of GSL needed for the correction), and on a good correlation between GSL and work rate for a given relative intensity (the latter would adjust for differences in _ VO 2max ). Both requirements are met in the data. Strong and significant correlations of RSR and GSL are present for most regions (Table 2 ) and also GSL and work rate are strongly linked (Fig. 1) . Though other authors have also combined data from different time points or test sessions (moving capsules around the body) into the same paper (Cotter et al. 1995; Machado-Moreira et al. 2008a, b, c) , to our knowledge none have applied a correction for inter-session differences.
The hypothesised relation between RSR and local T sk was not evident in the present data. Nadel et al. (1971a, b) modelled sweat rates based on T core , mean T sk and local T sk . Though the effect of T core is evident when looking at the I1 and I2 differences, the effect of local T sk was not effective in explaining any of the fluctuations between regions. Fluctuations in T sk arise from resultant fluctuations in regional blood flow and in sweat evaporation, reflecting the balance between heat production, sweating, and cooling. This dynamic interplay of T sk and RSR may explain the weak correlation observed. Cotter et al. (1995) observed similar results, with a low correlation between local T sk and RSR during transient sweating (r = 0.16), and only 2.5% of steady-state sweating being explained by variation in local T sk . A further consideration is the possible influence of the front wind used in the current study upon sweat evaporation, T sk and RSR distribution (most other studies had no relevant air movement). Since the presence of wind is known to increase evaporative heat loss, this may affect not only total sweat rate but also RSR through its effect of lowering local T sk . This specific question was studied by Smith et al. (unpublished) during exercise in three conditions (no wind, front wind, back wind using 2 m s -1 air velocity). No significant differences in the T sk or changes in sweat ratio distribution between the anterior and posterior torso were observed between any of the conditions. This is consistent with current literature since higher RSR on the posterior compared with anterior torso have been observed both with (Havenith et al. 2008a) and without the presence of wind (Machado-Moreira et al. 2008b) . Overall, regarding the influence of local T sk , it is concluded that when substantially changing it locally a clear effect is present (Nadel et al. 1971a ), but when looking at the natural variation over the body, as done here, this effect is of minor importance.
Apart from the lack in predictive power of T sk , the observed regional sweat distribution also fails to correspond to literature data on sweat gland density (Ogata 1935) . Cadaver data by Szabo (1962) found the highest densities (glands cm -2 ± SEM) on the soles (620 ± 120), forehead (360 ± 50), and cheeks (320 ± 60). The lowest values were on the back, buttocks, lower legs, upper arms, and thighs with values from 160 ± 30 to 120 ± 10, respectively. The small cadaver samples reported by Szabó must, however, be noted, whilst in agreement with some studies [Krause 1844, cited in (Szabo 1962) ], debate does surround the exact numbers of regional sweat glands. A comprehensive review of torso sweat gland densities (active and inactive) from a large body of literature was recently produced by Machado-Moreira et al. (2008b) , providing more reliable values. Mean glandular density was highest on the abdomen (115 glands cm -2 ), upper back (104 glands cm -2 ), chest (102 glands cm -2 ), and the lower back (101 glands cm -2 ). Lower values were observed on the chest (sternal, mammary) and abdomen with values of 90, 21, and 81 glands cm -2 , respectively. Given the relatively uniform glandular density on the torso, the large variation in RSR there cannot be explained by the total number of glands. It would therefore seem logical to consider the number of active sweat glands, output per gland, and sudomotor sensitivity. Machado-Moreira et al. (2008a, b) calculated intra segmental sudomotor sensitivity, with results relating closely to the regional variation in sweat rate and sudomotor sensitivity observed in the current study (Table 2 ) supporting these factors as the likely explanation.
Comparison between the present absolute data and the relevant literature is problematic since differing temperature and exercise protocols have been adopted or different participant groups were used for the study of different body parts (Machado-Moreira et al. 2008a, b, c ) without defining precise fitness levels ( _ VO 2max ). The present study provides RSR data for a large surface area of the body in young, healthy, highly trained, Caucasian males and without further research should not be generalised to other populations. Discrepancies in data may also arise from methodological issues since some measuring techniques promote complete evaporation at the skin (ventilated capsules) which may artificially elevate sweat rate on one hand due to dry skin, but lower sweat rate on the other hand due to the cooling of the skin. Other methods prevent evaporation (absorbents), potentially leading to increases in T sk and thus sweat rate or due to moisture accumulation, inducing hidromeiosis and lowering sweat rate. For a more detailed discussion of sweat measurement techniques, the reader is directed to Havenith et al. (2008a) . It is worthy of note that any method employed in sweat measurement will interfere to some degree with the microclimate of the skin and hence the sweat rate.
In the present test, the sum of the sampled areas added up to the majority of the body surface area (1.6 m 2 out of 1.92 m 2 , approximately 83% of total body SA), uniquely allowing a comparison of local sweat sampling to overall sweating by adding up all local sweat rates ( P RSR) and comparing this with GSL. It was found that GSL was on average 22% higher than P RSR when all measured zones were included. As the methodology was identical for all sampled zones, this discrepancy should not affect the sweat distribution data. It was decided not to apply this factor as a correction to the absolute data, and only report the discrepancy. Causes for the discrepancy may be found in issues with the areas that were not sampled (overall 0.3 m for the current method one needs to consider the effect of the application pressure, of increased humidity and of possible moisture accumulation under the pads. Application of pressure to the skin has, in a limited number of studies, demonstrated a suppressive effect on RSR whilst augmenting sweat rate in contralateral regions. This hemihidrotic effect was first recognised by Kuno in 1934 Kuno in (1956 and later confirmed by Takagi and Sakurai [1950, cited in (Kuno 1956 )], but not observed by Watkins (1956) . For the present study this effect is, however, unlikely since the hemihidrotic reflex has been observed in instances of localised pressure applied to the axilla, has a latent period of several minutes, and requires considerably greater force than applied in the current study (Ferres 1960) . As for moisture accumulation, under conditions of high skin wettedness, a decline in sweat rate may be observed due to epidermal swelling (Hidromeiosis). This, however, seems unlikely in the present test since hidromeiosis requires high levels of skin wettedness and develops over a much greater time period than used for pad application (Candas 1986; Candas et al. 1980; Kerslake 1972) . Most importantly, the absorbent material used for sweat measurement possesses considerable hygroscopic properties (absorption capacity = 4655 ± 220 g m -2 , of which only 2.4% was used during testing) and therefore only under conditions of prolonged application could hidromeiosis pose a problem. On the other hand, an increase in relative humidity under the pads cannot be avoided (unless one would use a chemical bond for the moisture like in silica gel) and may have contributed to the difference between GSL and the sum of all locally measured sweat rates.
Conclusions
In conclusion, despite large individual variation in absolute sweat rate, a consistent pattern of high-versus low regional distribution was observed. Highest sweat rates were observed on the central and lower posterior torso (back) and forehead whilst the lowest values were observed towards the extremities. Both GSL and RSR increased significantly with exercise intensity, with exception of the feet; however, no significant change in distribution was observed. RSR cannot be explained by regional T sk or variation in sweat gland density, but may be explained by regional differences in sudomotor sensitivity and output per gland. To our knowledge, the present study provides the most detailed quantitative regional sweat data currently available for young Caucasian male athletes during exercise in warm conditions. These data are important both in terms of basic physiological data and for the development of thermophysiological models, sweating manikin design, and commercially for the design of clothing. Complementary data to extend these findings to females, untrained, and older populations is necessary, in addition to research examining regional skin blood flow and eccrine sweat gland sensitivity to elucidate the mechanisms underpinning regional sweat rate variation.
